M olecular depth profiling with energetic polyatomic primary ions has now been demonstrated to be feasible for a number of model systems consisting of thin films of lipids, metabolites, polymer additives, and polymers. 1À7 By combining depth profiling with imaging, 3-dimensional information can also be achieved as shown using both model systems and biological cells. 8À10 The basic idea is to bombard the sample with a fluence of polyatomic ions that is sufficient to remove up to several micrometers of material from the sample surface, typically requiring 10 13 to 10 15 ions cm À2 of primary ion fluence. With atomic ions and cluster ions that contain a small number of atoms, this amount of fluence typically leads to chemical damage accumulation which destroys the fundamentally important molecular specificity. 11À14 For larger polyatomic projectiles such as C 60 and Ar 1500 , however, the characteristic high sputtering rate allows any chemical damage to be removed as quickly as it is created.
15À18
Now that molecular depth profiling appears to be a practical strategy, there is considerable interest in determining the factors that yield the highest quality result. For example, it is desirable to minimize damage accumulation and maximize the depth resolution observed when eroding through interfaces. 3, 4 So far, the makeup, kinetic energy, and angle of incidence of the primary particle as well as the target temperature have been shown to influence these factors. 4,6,19À22 Depth resolution has been proposed to be related to topography formation during erosion. 3 Many of these issues have been discussed in connection with a standard sample of Irganox 1010 constructed to contain buried delta layers of Irganox 3114. 3,22À24 This sample was prepared at the National Physical Laboratory (Middlesex, U.K.) and studied by 12 different laboratories in round-robin fashion. 25 Recently, we have acquired molecular depth profiles by using a wedge crater sputtering strategy. 26 With this scheme, a beveled structure is cut into the organic thin film by adjusting the incident cluster ion beam fluence to remove more material from one end of the crater than the other. 27À29 Typically, the wedge is created from a 500 μm by 500 μm crater with a beveling angle measured with respect to the surface of about 0.03°. This small angle leads to lateral amplification of buried structures so that nanometerscale features can be resolved using conventional SIMS imaging. From a detailed characterization of the surface of the wedge using atomic force microscopy (AFM), the sputtering rate, topography, and depth resolution can be obtained continuously at every point in the depth profile. 26 Hence, this configuration provides a wealth of information that is useful in obtaining a fundamental understanding of the important phenomena associated with molecular depth profiling, and in determining the parameters ABSTRACT: Time-of-flight secondary ion mass spectrometry and atomic force microscopy are employed to characterize a wedgeshaped crater eroded by a 40-keV C 60 + cluster ion beam on an organic film of Irganox 1010 doped with Irganox 3114 delta layers. From an examination of the resulting surface, the information about depth resolution, topography, and erosion rate can be obtained as a function of crater depth for every depth in a single experiment. It is shown that when measurements are performed at liquid nitrogen temperature, a constant erosion rate and reduced bombardment induced surface roughness is observed. At room temperature, however, the erosion rate drops by ∼ 1 / 3 during the removal of the 400 nm Irganox film and the roughness gradually increased to from 1 nm to ∼4 nm. From SIMS lateral images of the beveled crater and AFM topography results, depth resolution was further improved by employing glancing angles of incidence and lower primary ion beam energy. Sub-10 nm depth resolution was observed under the optimized conditions on a routine basis. In general, we show that the wedge-crater beveling is an important tool for elucidating the factors that are important for molecular depth profiling experiments.
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Although these preliminary results show that the important parameters can be easily measured, it remains to be shown whether the beveling process itself introduces artifacts that might prevent the results from being directly employed to elucidate normal molecular depth profiles. Here, we examine this issue in considerable detail. The results show that the depth resolution acquired by SIMS imaging on the bevel in some circumstances does indeed provide an excellent model for the erosion process. Moreover, the wedge provides a convenient platform for assessment of the factors that degrade depth profiles. We show, for example, that the depth resolution at organic interfaces can be reduced to 8 nm when utilizing glancing incident angles and low temperature, even after erosion through several hundred nanometers into a buried interface. This value appears not to be influenced by topography formation since the AFM data show the surface roughness remains around 1 nm throughout the bevel. These studies also suggest that temperature effects are exceedingly important in inhibiting chemical damage and topography. The wedge strategy reveals that several different mechanisms appear to be contributing to this observation. In general, we suggest that wedge crater sputtering is a unique and powerful way to characterize molecular depth profiling and will be an important asset in performing 3-dimensional imaging experiments, particularly on biological samples.
' EXPERIMENTAL SECTION Materials and Samples. The samples were manufactured at The National Physical Laboratory, U.K. 3 Silicon substrates of 10 mm Â10 mm were cleaned and treated before insertion into an Edwards AUTO306 vacuum coater with Irganox 1010 and Irganox 3114 (CIBA, Macclesfield, U.K.) held in crucibles. A quartz crystal microbalance (QCM) was used to monitor the thickness of the layers during vapor deposition. Delta layers of Irganox 3114 were embedded into the Irganox 1010 coated Si substrates. The thickness accuracy of each delta layer is (0.3 nm. 22 The film thicknesses of each layer from surface to substrate are listed in Table 1 .
Instrumentation. Experiments were performed using TOF-SIMS instrumentation previously described. 30 For the studies presented here, the instrument is equipped with a 40-keV C 60 + primary ion source (IOG 40À60, Ionoptika, Southampton, U.K.). The beam produced by this source is directed toward the sample surface at an angle of 40°relative to the surface normal. The beam is mass selected via a wien filter and is focused to a spot size ranging from 5À8 μm for a DC beam and 7À12 μm for a pulsed beam after passing through a 300 μm beam-defining aperture. The dc current measured at a Faraday cup is typically 20À200 pA depended on focus. Some experiments were performed at 20 keV by reducing the extraction voltage from the source.
The mass spectrometer itself was operated in delayed extraction mode with a 50-ns delay time between the primary ion pulse of 50-ns and the secondary ion extraction pulse. This procedure allows the ion impact to occur with the sample at ground potential and in a field-free region. We have found that, under these circumstances, charge compensation is not necessary as long as more than one positive ion is emitted from the sample for each C 60 + impact. The sample block could be cooled by passing liquid nitrogen directly through the sample holder. The sample temperature during this cooling process was typically 100 K, as determined by a thermocouple measurement.
To change the angle of incidence of the primary ion beam, a special sample holder was fabricated with a beveled angle of 31°, yielding an impact angle of 71°during sputter erosion. Since this configuration distorts the extraction field during SIMS analysis, the craters were subsequently imaged using the standard flat sample mount with the C 60 + beam incident at 40°. For crater erosion, the C 60 + ion beam is rastered in dc mode over a 550 μm Â 420 μm area with a resolution of 256 Â 256 pixels. The dwell time on each pixel was restricted to 10 μs during each pass to minimize any possible redeposition of material into nearby regions. The protocol for wedge creation has been described in some detail previously in connection with inorganic depth profiling experiments. 27 The idea is to control the ion beam fluence at each pixel such that a beveled crater bottom is produced.
Creation of the wedge-shaped crater is easily accomplished using a simple algorithm to determine which pixels are bombarded primary ion source is used to remove material in a rastered area divided into 256 pixels Â 256 pixels. A wedge-shaped crater is eroded by applying an increasing ion fluence along the y direction of the raster area. The resulting crater contains information from zero to 2 Â f 0 projectile ion fluence. Depth profile information is obtained by taking a SIMS image of the resulting crater bottom. In this case, the y dimension of the crater is 600 μm, and the maximum depth is 400 nm. Note that the angle of the wedge with respect to the surface is θ = sin À1 400 nm/600 μm = 0.038°.
Analytical Chemistry
ARTICLE by the C 60 + beam and for how long. Our protocol, as illustrated in Figure 1 , involves setting up a series of frames. For the first frame, each of the 256 Â 256 pixels receives the same ion fluence. In the second frame, the first line corresponding to 256 pixels in the y direction is skipped, with the same fluence being applied to the remaining pixels. Subsequent frames are acquired with an additional line of y pixels skipped each time. In this way, the lines of pixels along the y direction receive linearly increasing ion fluence. For the entire crater, the applied ion fluence is
where L y is the crater dimension in the y direction (550 μm) and f 0 is the average applied ion fluence on the entire crater. The SIMS images are acquired in pulsed mode, with negligible ion fluence and a raster field-of-view covering the entire erosion area. Atomic Force Microscopy (AFM) Measurement. Surface topography and crater depth and size were characterized using AFM (Nanopics 2100, KLA-Tencor, San Jose, CA). Measurements were performed by removing the sample from the SIMS instrument and immediately placing it in the AFM for analysis. There is some question as to whether material moves as a function of time, 3 although our measurements yielded identical results for up to many hours after crater formation. The 1 mm Â 1 mm maximum scanning area of AFM in contact mode allows a convenient one-step measurement of the entire wedge-shaped sputter crater. Extreme care was taken to correct the obtained images for curvature effects by making sure that line scans taken outside of and parallel to the eroded crater were flat.
' RESULTS AND DISCUSSION
Previous studies have shown that by utilizing the topological precision of AFM to characterize a beveled crater the topographical line scan along the y direction of the wedge crater can be converted into roughness and erosion rate curves. 26 Briefly, the macroscopic lateral derivative of the eroded depth reflects the depth dependent erosion rate, whereas the microscopic fluctuations reflect the surface roughness. The purpose of this work is to fully utilize the wedge strategy to examine the factors that influence surface topography and the erosion rate, with the goal of gaining fundamental insights into the factors that are involved. At the same time, the strategy provides an opportunity to optimize the depth resolution by investigating the effect of temperature, incident angle, and primary ion beam energy on the shape of the resulting wedge-crater.
Surface Roughness. To evaluate the surface roughness as a function of the eroded depth, the microscopic height fluctuations obtained from the AFM data are analyzed as previously described. 26 In order to eliminate the macroscopic depth variations, the AFM topography scan is first smoothed by a 36-point SavitzkyÀGolay algorithm, resulting in a curve representing the average height of the depth for each point in the crater. By subtracting this curve from the unsmoothed AFM data, the microscopic height fluctuations representing the surface roughness can be obtained. The results acquired at room temperature and liquid nitrogen temperature are shown in Figure 2 . The roughness build-up during the removal of the Irganox film is obvious if the ion bombardment is performed at room temperature. Height fluctuations at room temperature (red curve) are less than 1 nm on the initial surface, increase to ∼3 nm at roughly 200 nm depth, and continue to increase until reaching the Si substrate. At liquid nitrogen temperature (blue curve), the roughness remains constant throughout the removal of the entire organic layer. After reaching the Si interface, the height fluctuations dropped at both room and liquid temperature.
For a more quantitative assessment, we determine the rms roughness value R q as a running average Figure 3 . The error bars reflect the standard deviation of R q determined with the center points (i) being displaced by up to five points to each side of a plotted data point. The roughness starts low at the surface with R q values less than 1 nm at both room temperature and liquid nitrogen temperature. The roughness remains low during erosion of the entire film at liquid nitrogen temperature. At room temperature, on the other hand, the roughness starts to increase at ∼200 nm eroded depth and keeps increasing until reaching the Si substrate, resulting in R q ∼ 3 nm at this point. These roughness data are extremely valuable because they are obtained as a function of real eroded depth at every point of the beveled crater. These data would be difficult to acquire in a conventional depth profile since multiple craters would be required at each depth for subsequent AFM analysis.
Erosion Rate. Due to the linear relation between scan length y and ion fluence as given in eq 1, the erosion rate can be calculated from the AFM data, 26 as the numerical derivative of the smoothed topographical line scan. To show the erosion rate variation as a function of eroded depth, the average of the derivative was calculated for sets of 40 data points, and the resulting value was plotted at the depth corresponding to the center of each of these intervals. The erosion rate for room temperature (red solid dots) and liquid nitrogen temperature (blue solid squares) are shown in the lower panel of Figure 3 , where the error bars reflect the standard deviation of the straight line slope fits determined for each interval.
In general, the sputter yield volume ranges from 120 to 300 nm 3 /impact for a 40-keV C 60 + ion beam. At room temperature, the erosion rate starts to drop after removal of about 150 nm and continues to drop throughout the erosion of the rest of the organic film, where it has finally decayed to about 60% of the original surface value before reaching the Si substrate. Interestingly, the decay of the erosion rate begins rather abruptly and appears to be correlated with the buildup of surface roughness. If the analysis is performed at liquid nitrogen temperature, the erosion rate remains at the same level as the initial rate, and no decrease is observed during the removal of the entire Irganox film.
Depth Resolution. Depth resolution during molecular depth profiling is one of the most important parameters since the value ultimately determines the range of applications for this methodology. The sample investigated here consists of a 395 nm thin film of Irganox 1010 doped with four delta layers of Irganox 3114 with thicknesses ranging from 3.0 to 3.7 nm located at depths of 47, 97, 194, and 293 nm below the surface. 22, 25 In wedge experiments of laterally homogeneous layers, a depth profile can be obtained by taking a single SIMS image of the eroded beveled crater. This concept is illustrated in Figure 4 , which shows the imaging plane of two wedges eroded to different maximum depth z max as red lines. In the SIMS image, the delta layers can be identified as stripes of the highest intensity Irganox 3114 specific signal CNO À at m/z 42, which is shown for two different beveling angles (A and B) in the upper and lower right panels of Figure 4 , respectively. It is obvious that the lateral width of these stripes must be connected to the beveling angle and the apparent vertical width Δz of the layer. The full width halfmaximum (fwhm) of the first and second stripe can be measured by means of a line scan across such an image, and the apparent depth resolution is calculated from this width as
In the experiments performed here, the images were taken using a slightly larger rastering area than used during sputter erosion. Hence, the scan length entering eq 3 is the same as the respective crater dimension in eq 1, and therefore, both L y and z max can be determined from the AFM measurement of the eroded crater.
Calculation of the depth resolution from eq 3 implicitly assumes there is a linear relation between depth and ion fluence (i.e., the y coordinate along the line scan), which in turn relies on the assumption of a constant erosion rate. An advantage of the wedge depth profiling experiment is that this assumption is not necessary, since the determination of the depth resolution can be based on the actual depth scale taken from the AFM data. For that purpose, a scan across the AFM crater data is made along the same line as that performed across the SIMS image, thereby allowing us to determine the actual eroded depth z at every point y along the line scan. From the resulting z(y) data, the SIMS line scan can then be converted into a true depth profile even in cases where the erosion rate strongly varies as a function of eroded depth.
The improvements of depth resolution have been reported by optimizing the experimental conditions, including lowering Figure 5 . SIMS images of the Irganox 3114 specific secondary ion signal at m/z 42 (inserts) and line scans of the respective signal intensity along the lines indicated by the arrows as obtained after erosion of a wedge shaped crater under different experimental conditions. Top panels: ion erosion at room temperature under 40°incidence. Middle panels: ion erosion at 100 K under 40°incidence. Lower panels: ion erosion at 100 K under 71°incidence with respect to the surface normal. The left and right columns refer to two different or beveling angles characterized by the maximum eroded depth z max at the deepest side of the wedge shaped crater. Left panels: partial with z max ∼ 120 nm (between 2nd and 3rd delta layer). Right column: wedge erosion down to the silicon substrate with z max ∼ 400 nm. All wedged craters were eroded under bombardment with a 40-keV C 60 + ion beam.
sample temperature, reducing primary ion beam energy, and increasing impact angle. 4, 22, 29 In order to investigate the wedge depth profiling strategy and compare it to standard depth profiling results, similar conditions were investigated and analyzed.
The SIMS images of the Irganox 3114 signal including line scans along the indicated arrows obtained under three different sets of experimental conditions are shown in Figure 5 . The data in the upper row were measured at room temperature with the ion beam impinging at 40°with respect to the surface normal. The data displayed in the middle row were obtained at low temperature using the same impact angle, and the lower panels refer to an increased impact angle of 71°eroded at low temperature. The left and right columns refer to two different beveling angles by eroding the wedge to different depths z max . All three sets of experiments were performed with a 40-keV C 60 + ion source, wedge crater sizes ranging from 500 to 600 μm, and typical erosion times from 10 to 60 min depending upon the value of z max and primary ion beam current. The apparent depth resolutions Δz for the four delta layers determined under those conditions are shown in Table 2 .
There are important trends apparent in the data. First, as already noted the depth resolution clearly improves when performing the experiment at 100 K rather than at room temperature and is further improved by sputtering at glancing impact angle. Second, the apparent width of the delta layer peaks visible in Figure 4 increases with increasing layer depth at room temperature, whereas it remains practically the same for all four layers if the erosion is performed at low temperature. Inspection reveals that this effect is entirely caused by the depth dependent decrease of the erosion rate. The depth resolution remains constant within error limits if the nonlinear fluence-to-depth conversion is taken into account (see Table 2 ). The third key observation is that the depth resolution measured for the first and second delta layer at the smaller beveling angle (i.e., when the wedge shaped craters were eroded to only about 120 nm maximum depth) is similar to that obtained using a regular depth profiling protocol under otherwise identical experimental conditions.
Another central criterion needed to evaluate the effectiveness of our protocol is to determine whether the measured depth resolution obtained from wedge craters is identical to that obtained by direct depth profiling experiments, 3, 6, 31 under all conditions or whether other factors need to be considered. At this point, the answer to this question is not straightforward. In general, we find that, for small beveling angles and for small values of z max , very good agreement is found between the two approaches as seen by comparing the first and regular depth profile column of Table 2 . As the beveling angle is increased, however, the measured depth resolution becomes considerable larger than that obtained by conventional means.
The apparent depth resolution is observed to be significantly worse when the beveling angle is increased by eroding the wedge shaped crater to 400 nm maximum depth. Since the ion fluence applied to expose a particular delta layer is independent of the beveling angle, this apparent broadening cannot be induced by a vertical broadening of the delta layer response caused, for instance, by ion induced interlayer mixing effects. It must therefore be caused by a peculiarity of the conversion from lateral to vertical resolution via the wedge shaped crater. The thickness of each Irganox 3114 delta layer is about 3 nm. In the absence of vertical broadening effects, the lateral width of the delta layer exposed by the beveled cross section can be calculated as exposed width ¼ 3 nm tanðbeveling angleÞ
Taking the data obtained at liquid nitrogen temperature and 40°impacts, for example, for a 580 μm crater, when the wedge was eroded to 120 nm, the first layer exposed width should be 14.5 μm whereas the measured width is 94 μm, corresponding to 19 nm depth resolution. When the wedge is eroded to 400 nm, the first layer exposed width should be 4.35 μm, and hence the first layer fwhm should be 28 μm according to the calculation from eq 4. However, the measured fwhm is much larger (51 μm), which converts to an apparent depth resolution of about 40 nm after depth scale calibration.
Apparently other factors besides fluence dependent interlayer mixing are causing the broadening of the measured strip width in the SIMS image with increasing beveling angle. In principle, this observation is expected, because the lateral resolution during acquisition of the SIMS image must enter the measured fwhm, which is ultimately restricted by the primary ion beam width. In order to understand the role of this restriction, a series of experiments were carried out where the erosion of the wedged shaped crater was stopped at different depths and SIMS images were taken from the resulting crater in a way similar to a standard imaging depth profile. The experiment was performed under 40°i ncidence at low temperature, and data acquisition was started when the first delta layer showed up in the image and ended when the entire film was removed at the deep side of the crater. The lateral width (fwhm) of the first Irganox 3114 delta layer was The data refer to different experimental conditions regarding the sample temperature and the incidence angle and energy of the bombarding C 60 + ion beam and the beveling angle of the eroded wedge shaped crater. Upper 2 rows: crater eroded to maximum depth between 2nd and 3rd delta layer (z max ∼ 120 nm). Lower rows: crater eroded down to silicon substrate (z max ∼ 400 nm).
determined and plotted as the function of eroded maximum depth z max in Figure 6 . The dark squares are the measured fwhm of the first Irganox 3114 delta layer. It is seen that the fwhm of the first layer starts from 150 μm and decreases to about 50 μm with increasing beveling angle, where it appears to become constant. Since the experiment was performed under conditions where the erosion rate remains constant, eq 4 should hold and the measured fwhm strip width should be given as
This relation is plotted as a dotted line in Figure 6 , and it is obvious that it does not describe the experimental data correctly. Fitting a function
to the data, we obtain parameters A = Δz 3 L y and B as indicated in the figure which can then be used to determine the actual vertical broadening Δz of the delta layer response function as the ultimate depth resolution achievable in this experiment. From the known scan length L y = 580 μm, we obtain Δz ∼ 15 nm, which is very close to the values measured at z max = 120 nm. For this value of z max , the measured depth resolution is found to be identical to that obtained during a conventional depth profile. In general, the best quality depth profiles are obtained when utilizing oblique angles of incident, reduced impact energy and sample cooling. A wedge depth profile taken under these conditions for z max = 120 nm is shown in Figure 7 . The depth resolution is ∼8 nm for this case.
If the wedge is eroded deeper, the measured apparent depth resolution is worsened by the constant width B, which is on the order of 40 μm in this example. At present, it is not clear what may cause this additional lateral broadening, which is significantly larger than the imaging ion beam width of about 12 μm (fwhm). A similar analysis of the data obtained under 71°incidence (again at 100 K) reveals Δz ∼ 8 nm and B ∼ 21 μm, respectively, measured with an imaging ion beam width of 8 μm (fwhm). Interestingly, both Δz and B appear to be reduced by approximately the same factor as compared to the 40°impact angle measurement. At present, we can only speculate about possible reasons for the observed lateral broadening. In principle, surface roughness could lead to such an effect, but the resulting broadening would be independent of z max only if the rms roughness value would increase linearly with the crater beveling angle. However, the AFM data provide no indication of such an effect, which would also be difficult to explain since the ion fluence (or erosion depth) needed to expose a delta layer is independent of the beveling angle. Another possible cause of image broadening would be the lateral relocation of surface material during the ion beam erosion. Although computer simulations suggest that lateral movement is indeed possible, 12 the modeling suggests that the magnitude of the effect is on the order of a few hundred nanometers, much less than the tens of micrometers suggested by the data in Figure 6 . Determination of the origin of this effect could provide important insight into the sputtering process, since it is currently not predicted by any theory. The wedge protocol may hence provide an interesting platform for examining the dynamics of material motion.
' CONCLUSION
We demonstrate that an organic delta layer system (Irganox delta layers) can be successfully characterized by combining . Depth profile of 1st and 2nd Irganox 3114 delta layers obtained using the wedge crater imaging technique at low temperature and oblique ion incidence. Crater erosion was performed at 100 K with a 20-keV C 60 + primary ion beam impinging under 71°with respect to the surface normal. Insert: image of the m/z 42 secondary ion signal acquired at this experimental conditions. The plot was derived from a line scan as indicated in the image with the depth scale being calibrated from AFM data as described in the text. Measured depth resolution (fwhm) for first and second layer: 8.2 and 7.9 nm, respectively. wedge molecular depth profiling and AFM. Fundamental parameters associated with molecular depth profiling including surface roughness, erosion rate, and depth resolution can be easily determined as a function of the primary ion dose. Depth resolution can be measured directly from the converted actual depth scale depth profile and is comparable to regular depth profiling. Preliminary evidence is also presented that suggests that there may be a large amount of material motion in the lateral plane that would not be observed under normal conditions. In general, we show that the wedge crater strategy can provide an important investigative tool for unraveling the complexities of molecular depth profiling.
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